In the electronic components and device packaging process, the Cu conductor surface is generally coated with Au and Ni. The Au coating is applied to prevent the oxidation of the Cu surface and enhance the solderability, while the Ni coating is applied as a diffusion barrier between the solder alloy and the Cu substrate, in order to restrict the formation and growth of intermetallic compounds. The dynamic reactive wetting characteristics of Sn-Ag-Cu alloys are related to the properties of the coating materials. In the present study, the dynamic reactive wetting behavior of Sn-Ag-Cu alloys on Cu substrates coated with Ni and Au was firstly investigated on millisecond scale. On the bare Cu surface, the metal droplet rebounded several times due to the poor wettability and started to spread from 1 s and became equilibrated by 20 s, whereas on the Ni/Au coated surface, the metal droplet settled down without rebounding because of the good wettability, which caused it to react instantaneously, and became equilibrated by 1 s.
Introduction
Owing to the need for environmentally friendly soldering materials, lead-free solder alloys have been actively investigated. 1) In order to prevent the surface oxidation or adsorption of oxygen on the surface of solder alloy and metallic conductor (e.g. Cu), organic fluxes are frequently used. However, the usage of a flux causes a reduction in the long-term reliability of the solder joint and environmental problems such as the destruction of the ozone layer, due to the volatile solvent used to clean the flux residue. In a flux-less process, surface finishing on the conductor surface such as an Au coating can be used to increase the wettability. The work of adhesion is used to estimate how strongly the solder alloy is jointed with the metallic conductor. The work of adhesion (W a ) of a solid by a liquid is expressed as
where LV and denote the surface tension of the liquid and the contact angle, respectively. 2) If the temperature is fixed, for a given solder alloy, the contact angle determines the work of adhesion. ( LV ¼ f ðT; CÞ) Based on eq. (1), it is considered that the lower the contact angle, the stronger the solder alloy joint. Accordingly, the contact angle is treated as a typical wetting parameter.
On the other hand, the contact angle may change during the soldering process. Since the initial contact angle (before the initiation of any chemical reactions) is governed by the physical interactions between the liquid solder alloy and the metallic conductor, it is relatively high. After chemical reactions start, the contact angle gradually decreases due to the mass transfer between the liquid solder and the conductor. Finally, an intermetallic compound layer will be formed between the solder and the conductor, and the contact angle shows a new equilibrium value. If the reaction in the liquid state wetting proceeds for a long time, the size of the intermetallic compound layer becomes considerable. Consequently, spalling can more easily occur after solidification.
3) On the contrary, if the reaction occurs only for a short time, the solder can easily be separated from the conductor due to the poor wettability. Accordingly, the optimized wetting time should be determined in advance for each process. Especially, the wetting time for the flow soldering has been determined by trial and error method. (Generally, the wetting time is just a few seconds.) Therefore, a quantitative analysis of the wetting time is required to optimize the soldering process.
Conventional wetting tests (the meniscograph method) gives only an indication of the wetting behavior between the melt and the intermetallic compound layer already formed on the conductor surface. 4) The direct observation of the quenched samples 5) is not suitable either, because with this method it is difficult to measure the initial contact angle. Moreover, this method does not guarantee that the solidified wetting angle is the same as that in the liquid state. Therefore, an alternative method is required to evaluate the initial dynamic reactive wetting behavior of metallic conductors by liquid solder alloys. In the present study, the dynamic reactive wetting behavior of a typical lead-free solder alloy (Sn-3.0%Ag-0.5%Cu: the percentages used in this paper are weight percentages, unless otherwise indicated.) on Cu substrates with and without an Ni(-P)/Au coating was investigated by the dispensed drop method with a dual camera system, which is capable of capturing images with a high speed camera at a frame rate of 3,000 frames/s and a high resolution CCD camera at a frame rate of 6 frames/s simultaneously. The obtained images were used to quantitatively evaluate the initial wetting behavior. * 1 Graduate Student, Korea University * 2 Corresponding author, E-mail: joonholee@korea.ac.kr
Experimental

Materials
In the present experiments, as a typical lead-free solder alloy, Sn-3.0%Ag-0.5%Cu alloy was used. The alloy was prepared by melting high purity metals (Sn: 99.99% purity, Ag: 99.99% purity, Cu: 99.99% purity, Kojundo Kagaku, Japan) using an induction melting furnace under an Ar atmosphere. As a substrate, rectangular electroless plating Cu pattern (16 mm Â 16 mm) and Ni(-P)/Au coated Cu pattern on FR4 plates (20 mm Â 20 mm, Labtech, Korea) were used. The thicknesses of the metallic patterns are 18 mm for Cu, 2.5 mm for Ni, and 0.05 mm for Au. The mean roughness (Ra) of the Cu surface was estimated to be 411 nm and that of the Ni(-P)/Au coated Cu surface was estimated to be 499 nm with a non-contacting optical profiler (Veeco Instruments, USA). Figure 1 shows a schematic illustration of the experimental setup. A furnace employing Kantahl heating elements was used to increase the temperature up to 1273 K. The furnace temperature was monitored by two K-type thermocouples, which were located in the Sn-3%Ag-0.5%Cu alloy bath as well as just below the metallic substrate. Inside the furnace was a cross-shaped quartz reaction tube with an inner diameter of 41 mm and a length of 440 mm in the vertical direction and an inner diameter of 17 mm and a length of 310 mm in the horizontal direction. The horizontal tube was fitted with two viewing ports, and the vertical tube was fitted with two cooling jackets. At first, the sample was placed in the cross-shaped quartz reaction tube in the wetting test machine and the system was evacuated. The reaction tube was then filled with purified argon gas. After this procedure, the reaction tube was filled with purified hydrogen gas. During the experiments, a purified hydrogen gas atmosphere was maintained. (The moisture in the gas was removed by passing it through columns of silica gel and Mg(ClO 4 ) 2 . CO 2 was absorbed by ascarite. The trace of oxygen in the gas was removed by passing through Mg chips at 723 K.) The wetting experiments were carried out at 523 K (250 C) under a purified hydrogen atmosphere. (A hydrogen gas atmosphere is used to maintain a clean surface of molten solder alloys, which can be applied to examine the wetting behavior of flow soldering.) The furnace was heated to 523 K at a rate of +7.5 K/min, and then held at this temperature for 20 min. A droplet of liquid Sn-Ag-Cu alloy ($20 mg, $18 mm in dia.) was then dropped onto the substrate. The dynamic wetting behavior was monitored with the dual camera system for 10 min: a high-speed digital camera and a typical highresolution CCD camera at recording rates of 3000 and 6 frames per second, respectively.
Apparatus and procedure
Results and Discussion
Figures 2 and 3 show the image sequences of the alloy droplet on the Cu surface and Ni(-P)/Au coated surface captured by the high-speed camera during the initial period of wetting for 20 ms, respectively. The relative time is shown below each figure. Figure 4 shows the variation of the distance between the droplet and the substrate with time.
It was found that, on the bare Cu surface, the alloy droplet rebounded several times, whereas on the Ni(-P)/Au coated surface, the alloy droplet settled down without rebounding. It is considered that this rebounding behavior was caused by the oxide film on the Cu surface, due the poor wettability of the substrate by the liquid alloy. On the contrary, the Au coating increased the wettability by the liquid alloy. This behavior can be predicted from a thermodynamic consideration, namely, Cu may form Cu 2 O at the room temperature, whereas Au may not. 6) Consequently, the images in Figs. 1 and 2 are concrete evidence of the improvement in the wettability of the Cu surface by Ni(-P)/Au coating.
Once the liquid alloy droplet settled down on the metallic conductor surface, the contact angle changed due to the occurrence of chemical reactions. Aksay et al. proposed that the dynamic contact angle changes according to eq. (2). 
where ðtÞ and o denote the contact angles when t ¼ t (s) and t ¼ 0 (s), respectively. o LV and ÁðtÞ are the surface tension of the liquid alloy and the changes in the interfacial tension caused by the formation of intermetallic compounds, respectively. ÁGðtÞ is the change in the Gibbs energy due to the dissolution of the solute elements. They argued that the effect of the last term is the strongest during the early stage of wetting.
In Fig. 5 , the variations of the contact angles on the bare Cu surface and the Ni(-P)/Au coated surface with time are shown. The error in the contact angle was estimated to be less than 1.5 from three different experiments. In Fig. 6 , the variations of the corresponding spreading diameters with time are shown. On the bare Cu surface, spreading begins with forced wetting (increasing the spreading diameter) followed by dewetting (decreasing the spreading diameter), and then spreading stops by $1000 ms. During this period, the contact angle vibrated between 130 and 150 by $1000 ms. The contact angle suddenly started to decrease from 140 at 1 s to 100 at 20 s. During this period, the spreading diameter also increased. Consequently, it is believed that a noticeable chemical reaction between the solder alloy and Cu surface started at 1 s after the initial contact and that the equilibrium contact angle was obtained by 20 s.
On the other hand, on the Ni(-P)/Au coated surface, the spreading diameter continuously increased up to 1 s and remained constant thereafter. The change in the spreading diameter below 10 ms was much faster than that on the Cu surface. A constant spreading diameter was observed at around 10 ms, which is possibly related to the vibration of the droplet (forced wetting and dewetting). From the initial wetting time to 100 ms, the contact angle vibrated between 140 and 60 . The vibration of the contact angle ceased at around $100 ms, and then it slightly decreased up to 1 s. During this period, the spreading diameter also increased and then remained constant from 1 s. It is believed that the vibration of the contact angle is related to the formation of the intermetallic compound layer at the new triple line of the liquid/solid/gas phases, rather than the dissolution of Au or Ni. If the dissolution were the strongest term in the initial period, the contact angle would not vibrate, as shown in Fig. 4 . Moreover, when the triple line is placed on a bare surface, the contact angle () would be determined by eq. (3) Height, H /mm Time, t /ms Fig. 4 The variation of the distance between the droplet and the substrate with time. Investigation of the Dynamic Reactive Wetting of Sn-Ag-Cu Solder Alloys on Ni(P)/Au Coated Cu Substratesas shown in Fig. 7(a) . However, when the intermetallic compound tip grows over the triple line, the contact angle would be determined by eq. (4) as shown in Fig. 7(c) .
where denotes the interfacial tension between phases and . Subscripts S, L, V, and I are solid, liquid, vapor, and intermetallic compound, respectively. Accordingly, the following mechanism can be speculated. Below $10 ms, the spreading velocity is faster than the growth rate of the intermetallic compound layer toward the outside. From $10 ms to $100 ms, the spreading velocity and the growth rate of the intermetallic compound layer are comparable. From 100 ms, the contact angle monotonically decreased due to the stable formation of the intermetallic compound layer at the triple line. Finally, the equilibrium contact angle was obtained within 1 s. In order to clarify the spreading mechanism, we need further information of the intermetallic compound formation as a function of time. A very high speed quenching system is required, but the present experimental apparatus is not suitable for this application as it is. Nevertheless, it is believed that the present method is very useful to determine the optimized wetting time for the flow soldering.
Conclusions
The initial wetting behavior of the Sn-Ag-Cu alloy droplet on Cu substrates (with and without coating of Ni and Au) was observed using a dynamic reactive wetting system. On the bare Cu surface, the metal droplet rebounded several times due to the poor wettability, and started to spread from 1 s and became equilibrated by 20 s, whereas on the Ni/Au coated surface, the metal droplet settled down without rebounding because of the good wettability which caused it to react instantaneously and became equilibrated by 1 s. 
